ABSTRACT Unexpected lightning strikes on telecommunication towers may damage sophisticated communication equipment. Thus, it is necessary to predict transient currents in the telecommunication system (TS). Modeling the TS with the tubular tower is an essential but complex work. This paper presents a modeling procedure for the TS with the tubular tower. An efficient meshing scheme is proposed to model a system composed by conductors with both large and small radii. Both skin and proximity effect as well as propagation effect are considered using a partial element equivalent circuit method. The time-domain solution is finally obtained using the extended equivalent circuit. The procedure is verified through numerical comparison. The transient currents in the TS with a 40-m tubular tower are finally analyzed. The simulation shows that more currents will flow in outer-located conductors than other conductors. Particularly, more currents dissipate through the earth bus far from the lightning strike. It provides principles to design effective lightning protection and select appropriate protective devices for TS.
I. INTRODUCTION
Recent progress in telecommunication technology has led to the development of complex telecommunication systems (TSs). With the increasing customer's demand, the reliability of TSs is essential for communication service providers. Telecommunication facilities contain many vulnerable lowvoltage electronic devices. These devices could be easily destroyed by surges arising from by a lightning current of several kilo amperes. Reported lightning-related accidents on TSs [1] have drawn an increasing attention from both industry and academy.
To study the effectiveness of lightning protection modules, transient currents in a TS need to be assessed. Experiments can reveal lightning transient currents in a TS directly. Tominaga et al. [2] observed transient currents in a practical TS under natural lightning. Barbosa et al. [3] and Dai et al. [4] presented their measured results in TSs obtained under rocket-triggered lightning. Note that it is both time consuming and costly as it is difficult to perform experimental tests for every possible change or configuration of the system. An efficient way of evaluating a TS is the computer simulation. Numerical methods based on the circuit theory and electromagnetic theory such as finite-difference timedomain (FDTD) method [5] - [8] , partial element equivalent circuit (PEEC) method [9] - [13] , etc. have been proposed for transient analysis. Grcev et al. [14] studied surges in TSs mounted on power transmission lines using method of moment (MoM). Modeling of the buried conductor network consisting of connected grounding electrodes and power cables were presented. The transient current distribution and overvoltages in the power cables and the grounding system was analyzed. While, the tower and signal cables were not investigated. Mikropoulos et al. [15] investigated the overvoltages impinging on the distribution transformer due to direct lightning strokes to the nearby TS tower using ATP-EMTP simulations. It is noted that only the cables were simulated to address the failure of the distribution transformer. Steel towers and signal cables in TS were not included in the model. Tatematsu et al. [16] analyzed the lightning current distribution in a TS with a steel tower using FDTD method. An experiment on a reduced-scale TS was also provided to verify the calculation results. Although the steel tower, grounding grid and cables were considered in the simulation, SPDs were not included. Chen et al. [17] and Chen and Du [18] presented a partial element equivalent circuit (PEEC) based method for calculating lightning transient currents in a TS. The system was mounted on a steel tower. Laboratory tests on a simplified TS were performed for validating the method. Several issues including ferromagnetic steels, proximity effect among cables, nonlinear SPDs, grounding grid etc. were addressed in the simulation.
These studies, however, focus on the system mounted on steel towers or lattice steel structures. Little work has been reported on the transient analysis of a TS mounted on a tubular tower. Recently tubular towers become more and more popular due to landscape design, flexible installation, and less construction land. A tubular tower is the hollow, columnar metal structure with a radius of dozens cm and a thickness of approximate 10 mm. When modeling tubular tower system, both skin and proximity effects among tower and cables need to be addressed appropriately. Meanwhile, protective devices and electronic components in the TS should be also included in the system analysis.
In this paper, a comprehensive modeling method for different components in the TS mounted on a tubular tower is presented. Modelling of the tubular tower, cables and the eddy current effect between them is introduced. Section II briefly describes a PEEC based method for impedance extraction of the tower and cables. The eddy current effect between the tower and cables is investigated numerically and modeling guidelines are summarized. Section III introduces other components used in the TS, including surge protective devices (SPDs), grounding grids, etc. Experiments on individual tubular structures, and current sharing among the tubular structure and copper wires are presented in Section IV for verifying the proposed method. Finally, transient current distribution in a practical TS is simulated.
II. SYSTEM MODELLING AND SIMULATION METHODOLOGY
The partial element equivalent circuit (PEEC) method is adopted as fundamental tool to solve electromagnetic effects in the tubular system. The PEEC method [19] has been developed to transform the problem in the electromagnetic domain to the circuit domain. This method originates from the integral form of Maxwell's equations, and represent the electromagnetic fields using lumped circuit elements. Rewriting the Maxwell's equations in the vector potential form, the electric field is expressed by a magnetic vector potential A and an electric scalar potential ϕ as
where E i is the incident field, J is the current density at a source point, r is the location of the source point, σ is the electric conductivity of the conductor, and ω is the angular frequency of the current. Both vector A and scalar potentials ϕ can be expressed using the Green's function. In our formulation, free space Green's function is adopted where the retardation term is neglected. That is reasonable assumption because the tower is short compared to the wavelength. The wavelength in the air at 1 MHz is 300m. A 40 m tower is less than 1/7 of the wavelength. Therefore, the retardation term can be neglected in the calculation. With the assumption of constant current density and charge density in each PEEC cell, partial element parameters: resistance R, inductance L and coefficient of potential P are obtained, as listed in Table 1 .
Coefficients of potential (CoP) cannot be used in circuit solvers directly. While, it can be transformed into the capacitance using the relation in the matrix form as C = P −1 . Lightning transient current has a fast wavefront that the propagation effect is significant along a long line. In order to consider the propagation of lightning current, the length of the segment is determined with the following criterion [20] l < 1 10
where c is the velocity of light and f m is the maximum frequency of concern. The lightning current travels along the tower to the ground when the tower is stroked by lightning. Note that lightning transient current has a wide frequency range. Accurate calculation of partial elements requires considering skin and proximity effects [21] , [22] . A tubular tower takes the shape of the hollow truncated cone as shown in Fig. 1 . In this paper, the tower as well as the cable mounted on the tower is discretized into a certain number of segments with the length being determined by (2) . Each segment of the tower is approximately taken as a hollow cylinder. The cable segments are similar to the tower segment, except that their cross-section dimensions are much less. Fig. 1 illustrated the configuration of the tubular system and its equivalent circuit obtained using the PEEC method. Both Z 1 and Z 2 represent the cable and tower impedance, respectively. C ij represents capacitance between cable and tower segments or capacitance to the ground. Mutual inductance and mutual capacitance between unaligned segments also exist. For simple illustration, these components are not shown in the figure.
Note that both current and charge densities are unevenly distributed on the cross section of segments, because of skin and proximity effects. The formulas given in Table 1 are then not applicable to those parameters presented in Fig. 1 . Volume or surface meshing techniques are applied in order to find out equivalent circuit parameters of segments. For unaligned segments, the influence of skin and proximity effects is not significant, a simplified procedure is proposed to calculate mutual inductance and coefficient of potential. The detail is given in Appendix. The circuit parameters for aligned segments are discussed in the following sections.
A. PARTIAL IMPEDANCE OF ALIGNED SEGMENTS
A volume filament model [12] , [23] is adopted to calculate frequency-dependent impedance for aligned parallel segments. To cater for uneven current distribution in segments, each of them is divided into parallel filaments with constant current density on their cross section. Frequency-dependent impedance is then obtained by solving the circuit network representing the coupled filaments.
Because of large dimensions of the tower, a significant number of meshing elements are required for modeling. To improve the efficiency of segment modeling, a nonuniform meshing scheme is employed to mesh the cross section of each segment. In this scheme the tubular tower is divided into a single layer of annular sectors with different sizes, as seen in Fig. 2 . Fig. 2 shows respectively the mesh configurations for both tubular segment and cable segments, which are highlighted in grey color. An adaptive meshing technique is adopted for tower segments which allows denser meshing at the location near cables. The meshing is determined in a Gaussian function's style as follows where N f is the number of the cable, θ i is the rotation angle of the cable to the center of the tower, σ is a constant which is set to be 0.1, and ϕ is the angle from 0 to 2π . s will be used in the further step. The result of s is a superposition of several Gaussian functions as displayed in Fig. 3 . The meshing is finally obtained by an iteration process to divide the angles based on the equal area rule as indicated by S m = S n . The cables are installed in the tubular tower and they are closely spaced. Thus, proximity effect among these cables is significant so that denser meshing is required. The cross section of cables is discretized into several layers of annular sectors [12] , [22] , as shown in Fig. 2(b) . The discretization in the radial direction is determined by the following expression where represent a 10% exponentially decrease at each layer as
where dr is the radial indent length, x = 90%, 80%, . . . , 10%, 1%, 0.1%.
The number of cells N a in the azimuthal direction is determined with an empirical formula related to the skin depth as
where a is the outer radius of the conductor. As current density in each filament is constant, inductance of each filament can be obtained directly using the volume integral as described in Appendix II. By adding the dc resistance of each filament, a matrix equation with N filaments for aligned segments can be represented using parallel connected RL branches [12] , [23] , and is given by
Impedance of conductors in a segment can then be obtained by solving the parallel RL coupled circuit network, as follows:
where Z c is the M × M impedance matrix of aligned parallel segments, Z s is the N × N impedance matrix of the filaments given in (6) . In (6) M is the number of segments, N is the number of filaments, and B is the selection matrix with the dimension of M × N . B is composed by ones and zeros where the element B(k, j) is 1 if the jth cell belongs to the kth segment.
B. PARTIAL CAPACITANCE OF ALIGNED SEGMENTS
Note that electric charge is situated on the surface of segments. Similar to the calculation of the inductance, a nonuniform surface meshing scheme is employed for segments in order to cater for uneven distribution of charge on the surface. Now the segment is discretized into a number of arcshell elements with zero thickness, as illustrated in Fig. 2 . The meshing size is determined with the same procedure presented in (3). The CoP is obtained using arc shell integral for parallel aligned conductors as described in Appendix IV. The matrix equation for the potential of elements in aligned segments is given by
CoP of elements in a segment can also be calculated using (7) by replacing Z s with P s . Finally, CoP is transformed to the partial capacitance using C = P −1 . The partial capacitance can be finally integrated into circuit solver directly.
C. EQUIVALENT CIRCUIT
Partial capacitance is frequency independent so that it can be implemented in the circuit solver directly. While, the partial impedance cannot due to its frequency dependence. A Vector Fitting technique (VF) [24] has to be adopted to generate the equivalent circuit by providing rational approximation of the impedance.
The impedance is approximated with rational functions based on the calculation at sampled frequencies as
where R i and L i equal to DC resistance and the inductance of the conductor, terms with poles represent the frequency dependent effects. The resulting rational function can be implemented with RL circuits [25] . Fig. 4 shows a representative equivalent circuit of proposed method. The equivalent circuit for frequency dependent partial impedance is between the nodes i and j. The RL parallel pairs is generated by the VF to include the frequency dependent effect. R i and L i equals to DC resistance and inductance of segments, and L ij represents the mutual partial inductance between segments. C i and C j denotes the partial capacitance to each node, and C i,j is the mutual partial capacitance between the surface elements. 
III. NUMERICAL VALIDATION
In order to validate the proposed method, numerical validations are presented. Firstly, calculation of the same tubular conductor using one and two segments is presented to verify the calculation of unaligned conductors using semi-analytical formulas in the Appendices. Secondly, a tower system with three coaxial cables is calculated using commercial solver to verify the efficiency of the proposed meshing scheme on the cross section.
A. VALIDATION OF THE UNALIGNED CONDUCTOR CALCULATION
The mutual couplings between unaligned conductors are calculated using semi-analytical formulas as shown in Appendix. The validation of the unaligned conductor calculation is based on the assumption that calculated total impedance of a tubular conductor should be the same using VOLUME 6, 2018 one-or two-segments. As the self-impedance of a cylinder can be solved analytically, the semi-analytical formulas can be validated if the total impedance of one-and two-segments is the same.
The self-impedance is calculated for both one-and twosegment cases using the analytical formula [26] . The mutual inductance for two segment case is calculated using cylindrical shell-filament integral formulas (12) . Consequently, the total inductance L T for two-segment case should obtained by
where L s and L m are self-and mutual-inductance for two-segment case. The tubular section with radius of 500 mm, thickness of 8 mm, and length of 15 m, is evaluated and the total inductance is listed in Table 2 . The one-and two-segment cases match well, which verifies the proposed method. It is also revealed that the mutual inductance between unaligned conductors varies slightly with the frequency. 
B. VALIDATION OF MESHING SCHEME
The proposed meshing scheme has been validated numerically with a conductor system consisting of a tubular tower with three cables as shown in Fig. 6 . Three adjacent coaxial cables are installed in a tubular tower and are located close to the surface of the tower. The tower, made of steel (u r = 60, σ = 1.5 × 10 6 ), has a radius of 500 mm and thickness of 8 mm. The coaxial cable, made of copper (σ = 5.8 × 10 7 S/m), has a sheath with a radius of 12.45 mm and thickness of 1 mm, and a core with a radius of 5 mm.
Note that 3D calculation of circuit parameters of a tubular tower is difficult to perform with commercial software. A very long tower with the length of 100 m is selected so that the influence of fringe effects can be neglected and comparison can be made by using a 2D commercial solver.
Impedance of both the tower and cables are calculated with (a) the proposed 3D method and (b) a 2D BEM solver OERSTED [27] . Fig. 7 shows resistance, self-inductance and mutual inductance of the tower in the frequency range from 10 Hz to 1 MHz. The parameters obtained by two methods match very well. The average error is 0.8%. This indicates correct circuit parameters can be calculated with the proposed PEEC method. The magnetic field distribution on the cross section of the test system at 10 kHz is also demonstrated in Fig. 8 . It reveals that the tubular tower has great influence on the current distribution of cables within it under direct lighting strikes though it is a Faraday cage.
IV. SYSTEM SIMULATION AND ANALYSIS
Lightning surges in a practical TS mounted on the tubular tower is investigated in this section. The system consists of the tower, cables, equipment room and grounding grid as shown in Fig. 9 . A lightning air-terminal of 5 m long is installed on the top of the tower. The tower is 40 m tall with the radius of 600 mm at the bottom and 200 mm at the top. Three coaxial (COX) cables and a shielded DC (SDC) cable are assembled within the tower from the tower top to a cable ladder at the 2.5 m height above the ground as shown in Fig. 9(a) . These cables are shorted connected to the tower on the top of the tower. On the bottom of the tower, the cables are prolonged to the equipment room 6 m away from the tower to connect to telecommunication facilities. The cable sheaths are grounded before and after entering the equipment room. It firstly grounded to the earthing busbar x before entering the room. Then these cables are connected to the telecommunication facilities in the room through protection block as displayed in Fig. 9(c) . Cable cores are connected to the equipment. While, cable sheaths are grounded to the earthing busbar y in the other side of the room. The TS grounding grid is composed by a 3 m square tower mesh for the tower and a 9.5 m square mesh for the equipment Table 3 .
TABLE 3. Information of conductors in TS.
In the simulation, the lightning strikes on the air-terminal of the system. The waveform of the lightning current is specified in IEC 62305 [28] , and is defined by the Heidler's equation [29] as
Lightning transient currents under the first and subsequent lightning stroke currents are investigated. The constants in (10) for these two waveforms are listed in Table 4 .
Two soil resistivity, namely, 100 ·m and 1000 ·m representing low and high resistivity of the soil, are selected for comparison. The relative permittivity of soil is assumed to be 10. The grounding grid is modeled using the modified PEEC method with the reflection coefficient [18] . In the calculation, the grounding grid is segmented with the length of 5 m based on the wavelength in the soil. SPDs are modeled using the equivalent circuit models [17] , [30] . The simulation is conducted on HP Z840 Workstation with 2× Intel Xeon CPU E5-2650 2.3 GHz, 256 GB memory. The equivalent circuit parameters are calculated from 1 Hz to 1 MHz, which takes 28.7 min and 2.7 GB memory. The equivalent circuit of the system with SPDs is then evaluated in SPICE to 250 µs with time interval 0.1 µs in 4 min.
The lightning current is unevenly distributed among cables as the normalized peak current distribution in Fig. 10 . Both first and subsequent current waveforms as well as low and high soil resistivity are considered for comparison. It is observed that the outmost cable (Cable 1) carries larger current than others due to the proximity effect. Meanwhile, by comparing the current distributions in the same cable with different soil resistivity, the resistivity of the soil shows negligible effects on the current distribution of the system.
The current distribution among cable sheaths, cables and the tower is shown in Fig. 11 . It is noted that around 60% of the lightning current dissipates to the ground through the tower. 7% of the current dissipates at the earthing busbar x through cable sheaths. While, the current flows through cable sheaths to the earthing busbar y reaches about 25%, which is much greater than that in the earth bus x. The current flows through cable cores also reach as high as 10%. This is probably caused by the ''proximity'' of the system that the current crowds or flows more in outer conductors. This phenomenon becomes more obvious under faster transients by comparing (a) and (b).
The current waveforms among cable sheaths, cable cores and the tower are presented in Fig. 12 . For comparison, both the configurations with and without SPDs are investigated. In the configuration without SPD, all cable sheaths and cores are short connected representing the worst-case for current analysis. By comparing the currents with SPD ( Fig. 12(a) and Fig. 12(b) ) and without SPD (Fig. 12(c) and Fig. 12(d) ), it is revealed that installed SPDs have little influence on the current distribution.
While, SPDs suppress high voltages between sheaths and cores of cables as shown in Fig. 13 . The voltage between the sheath and the core of the coaxial cable 3 is constrained to 250 V for the first stroke ( Fig. 13(a) ) and 200 V for the subsequent stroke (Fig. 13(b) ). It is suppressed to 100 V for the voltage between sheath and core 1 as well as that between two cores of SDC cable under these two lightning strokes. The open voltage is calculated for two types of lightning strokes as shown in Fig. 13(c) and Fig. 13(d) . Open voltage represent the worst case for voltage analysis. In the open voltage calculation, the cable sheaths are also connected to the earthbus, while, the cable cores are unconnected. It is shown that the voltage difference between the cable sheath and the core can reach up to 20 kV when no SPD is installed. The voltage can be well suppressed to hundreds of volts when SPDs are installed.
V. DISCCUSION AND LIMITATION OF PROPOSED METHOD
The proposed method has been implemented in the simulation tool TAES [31] . TAES is developed using Matlab as the calculation engine and has a C++ interface. It can be used to analyze the lightning transients in various systems with wire structures. While, it still has limitations.
The parameter matrix obtained using PEEC method is a dense matrix. The off-diagonal terms in the matrix (representing the mutual couplings) will lead to a long computation time for large systems. Therefore, model order reduction is required to further improve the efficiency of the proposed method in the future work.
Due to the retardation term is neglected, the proposed method is limited to simulate short conductors about dozens of meters long. For transmission lines of dozens of kilometers long, the retardation effect, ground effect, etc. should be considered, where the proposed method needs adjustment. The simulation tool will automatically classify different components and apply different methods in the future work.
The multi-layer ground is not supported in the current version of simulation tool. The dyadic Green's function (DGF) is the most accurate method for multilayer soil. While, DGF is solved in the frequency domain, which is hard to implement in the time domain. It is our future work to develop multilayer ground model and implement it in the time domain using equivalent circuit.
VI. CONCLUSION
A modeling procedure for a telecommunication system (TS) mounted on a tubular tower is presented in this paper. An efficient meshing scheme was proposed for modeling a system containing extremely large-and extremely small-radius conductors simultaneously. Both skin and proximity effects were accounted efficiently using the proposed method. The time-domain solution was performed using the extended equivalent circuit obtained by both partial element equivalent circuit (PEEC) method and Vector Fitting (VF) method. Numerical validation was presented in the paper as well. Finally, lightning current distribution in a practical TS was analyzed using the proposed approach. The following results are observed:
• The tubular tower has great influence on the current distribution of cables within it under direct lighting strikes though it is a Faraday cage.
• Lightning current among cables is unevenly distributed due to the proximity effect. More currents will distribute among the cables in the outer location.
• The surge protective devices for TS can suppress voltages to a safe level. While, they shows little influences on the current distribution.
• Current distribution is barely affected by the soil resistivity. Though, the soil with high resistivity could lead to large potentials in the system.
• Cables are connected to the earthing busbar both before and after entering the equipment room. A significant amount of the current dissipates in the busbar away from the lightning striking point.
APPENDIX I INTEGRAL FORMULAS FOR INDUCTANCE OF UNALIGNED CONDUCTORS
For unaligned segments, semi-analytical formulas are adopted to calculate the mutual inductance. The tube tower can be assumed to be with zero thickness. Fig. 14 shows two general configurations of tower and cable segments. The mutual inductance between different segments of the tubular tower as seen in Fig. 14(a) is calculated with the cylindrical shell integral. While, that between tower and cable segments as seen in Fig. 14(b) is calculated with the cylindrical-shell-filament integral. These two types of integrals have the kernel function as
where A = r 2 1 + r 2 2 − 2r 1 r 2 cos φ with φ = α 1 − α 2 , K is the circumference of the shell cross section. Cylindrical-shell-filament integral is given by
where A = r 2 1 + d 2 − 2r 1 d cos φ with φ = α 1 . Both integrals (12) and (13) can be obtained by integrating over θ from 1 to 2π using Gauss numerical integration.
APPENDIX II INTEGRAL FORMULAS FOR INDUCTANCE OF ALIGNED CONDUCTORS
For parallel aligned cells with annular cross section, a formula for annular-cell-filament integral is derived in [12] and [22] to calculate the inductance using the point matching method. The schematic of the inductance cells is shown in Fig. 15 , inductance between annular cell A and cell B is expressed by 
where r 0 is the distance between O and the center of the field cell, r 1 and r 2 are the inner and outer radius of the source cell, and S is the area of the annular section. Inductance is obtained by integrating over θ using the Gaussian quadrature rule.
APPENDIX III INTEGRAL FORMULAS FOR CoP OF UNALIGNED CONDUCTORS
CoP between unaligned conductors can also be obtained using the cylindrical-shell-integral for segments of the tubular tower, and the cylindrical-shell-filament integral for tower and cable segments as shown in Fig. 14 . Expressions of (12) and (13) can be used here with these coefficients, i.e.,
and
APPENDIX IV INTEGRAL FORMULAS FOR CoP OF ALIGNED CONDUCTORS
Similar to the inductance, the point-matching method is also adopted for CoP calculation. CoP for parallel aligned conductors is obtained using the arc-shell-filament integral. The schematic of the CoP cells is shown in Fig. 16 , CoP between arc A and B can be approximated using the arc-shell-filament integral as expressed by
where R AB = r 2 1 + r 2 0 − 2r 1 r 0 cos(θ − β), r 1 is the radius of the source arc shell, r 0 is the distance form O to the center of the field cell, and K is the length of the arc. P af is obtained by integrating the last level dθ using Gaussian integration. 
